Background: Recent years have witnessed a rising trend in exploring microalgae for valuable carotenoid products as the demand for lutein and many other carotenoids in global markets has increased significantly. In green microalgae lutein is a major carotenoid protecting cellular components from damage incurred by reactive oxygen species under stress conditions. In this study, we investigated the effects of abiotic stressors on lutein accumulation in a strain of the marine microalga D. salina which had been selected for growth under stress conditions of combined blue and red lights by adaptive laboratory evolution. Results: Nitrate concentration, salinity and light quality were selected as three representative influencing factors and their impact on lutein production in batch cultures of D. salina was evaluated using response surface analysis. D. salina was found to be more tolerant to hyper-osmotic stress than to hypo-osmotic stress which caused serious cell damage and death in a high proportion of cells while hyper-osmotic stress increased the average cell size of D. salina only slightly. Two models were developed to explain how lutein productivity depends on the stress factors and for predicting the optimal conditions for lutein productivity. Among the three stress variables for lutein production, stronger interactions were found between nitrate concentration and salinity than between light quality and the other two. The predicted optimal conditions for lutein production were close to the original conditions used for adaptive evolution of D. salina. This suggests that the conditions imposed during adaptive evolution may have selected for the growth optima arrived at.
Background
Photosynthetic microalgae have recently been exploited for the commercial production of foods, feeds and cosmetics, as well as active pharmaceutical ingredients [1] [2] [3] [4] [5] . Microalgae have exclusive advantages over higher plants for the sustainable production of both valuable compounds and biomass, since they do not compete with agricultural crops for land. D. salina is a model species of green microalgae which has been widely cultivated outdoors for β-carotene production [6] . In a previous study [7] we demonstrated that D. salina developed for β-carotene production by adaptive evolution is also a potential producer of lutein under environmental stress conditions in contrast to the original Dunaliella strain (UTEX LB #200). Lutein has been widely used as a feed additive and a food coloration agent in industry [8] and it may also protect against age-related macular degeneration in humans [8, 9] . Lutein demand in the global market has been increasing rapidly in recent years [8, 10] . At present, lutein is mainly produced from the flowers of marigold, but the content is low, 0.3 milligram per gram dry biomass [1] . This has led to considerable interest in other sources of lutein, notably microalgae [8] .
Changes in environmental conditions, such as heat shock, nutrient deprivation, osmotic pressure and radiation impose oxidative stress on organisms through the production and accumulation of reactive oxygen intermediates [11] . In adaptation to stress conditions, plants and microalgae show similar patterns of signal transduction, e.g. involving the extracellular signalregulated kinase (ERK) pathway [12] and generating reactive oxygen species (ROS) as secondary messengers and mediators [13] . Both enzymatic and nonenzymatic antioxidants play important roles in the defense mechanism against oxidative damage, both by scavenging ROS and by inhibiting their generation. Nonenzymatic antioxidants usually refer to ascorbic acid, glutathione, tocopherols, carotenoids and other small molecule antioxidants [11] . Lutein is a major carotenoid in the light harvesting antenna of green algae and higher plants. It plays an important role in harvesting blue light and in transferring energy to the photosystem reaction center, as well as protecting the photosynthetic apparatus against oxidative stress caused by ROS [14] . Lutein is therefore likely to be accumulated in response to different stress conditions involving ROS generation and degradation in cells. However, some stress conditions could exceed the capabilities of Dunaliella cells to acclimate, resulting in irreparable damage and cell death instead of adaptation. The original D. salina strain (UTEX LB #200) is not suitable for industrial production of lutein since it is sensitive to red light and unable to grow fast at high light intensities, e.g. 170 μE/m 2 /s or higher [7] . We have previously evolved a derivative of D. salina UTEX LB #200, named HI 001, which can withstand high light stress and has shown promise as a lutein producer [7] . It is therefore interesting to examine systematically the effects of representative abiotic stressors on the lutein production of D. salina HI 001 in batch culture.
Many abiotic stress factors such as irradiance, salinity, and nitrogen deprivation have been widely applied to trigger carotenoid accumulation in D. salina [2] . In addition, emerging light-emitting diode (LED) technology makes it possible to study the effects of monochromatic light, e.g. red light, with a narrow spectrum on microalgae [15] . Our previous study suggested that light quality was critical both for Dunaliella growth and for carotenoid accumulation [7] . Increasing the photon flux of red LED light alone damaged Dunaliella cells (UTEX LB #200) significantly and hindered the accumulation of carotenoids. Combining red LED light with blue LED light allowed growth at a higher total photon flux and the application of adaptive laboratory evolution led to increased accumulation of carotenoids [7] . We have therefore selected light quality, osmotic stress and nitrate concentration as three representative stressors and set out to examine their effects on lutein production in batch cultures of D. salina HI 001. Response surface methodology (RSM) is an effective statistical tool used in bioprocess engineering for experimental design, model construction, model validation and process optimization [16] [17] [18] [19] . As it is unknown whether the conditions used for adaptive evolution are optimal for lutein production in D. salina HI 001. With the aid of RSM, we have set out to study the robustness and flexibility of adaptive evolution for optimizing lutein production in D. salina as well as cell adaptability under varied environmental stimuli. The framework of the study design is shown schematically in Figure 1 .
Results

Response surface experimental design
Nitrogen availability (as indicated by the level of KNO 3 in the medium), osmotic stress (as indicated by the NaCl level in the medium) and light quality (as indicated by the percentage of the blue LEDs of the total LEDs), were selected as three factors influencing Dunaliella growth and associated pigment accumulation. These factors were used as experimental variables in a Box-Behnken type experimental design [20] and the software Design Expert (Stat-Ease Inc., Minneapolis, U.S.A.) was used to analyze the data. A fixed photon flux of 170 μE/m 2 /s was supplied to the PBRs in all the RSM experiments and the center point of the design was chosen as 1.5 M NaCl, 31.2 mM KNO 3 and 25% blue LEDs. The NaCl concentration was based on previous studies [21, 22] . A KNO 3 concentration of 31.2 mM was previously found to support biomass capacity of 5 gDCW/L [7] , and 25% blue LEDs was adopted from our previous study [7] . These growth conditions were previously applied to D. salina HI 001 for enhancing growth and carotenoid accumulation through adaptive evolution [7] . Details of the experimental design, including both coded and actual values of the variables are given in Table 1 .
Effects of abiotic stressors on growth and lutein production
The results of the experiments are shown in Tables 2 and Additional file 1: Table S1. Obvious differences in biomass and lutein productivities as well as chlorophylls and lutein content in cells were observed among the different growth conditions. In addition, lutein accumulation was in good agreement with the chlorophyll a and chlorophyll b content in D. salina ( Figure 2 ). These results suggested that lutein accumulation in D. salina was regulated in the same manner as chlorophyll synthesis [7] . The correlation between lutein productivity and biomass productivity further confirmed that lutein was a growth-coupled primary metabolite (Additional file 1: Figure S2 ). The following quadratic model was obtained after averaging the triplicate measurements (resulting in 15 data points available for model estimation).
where Y is the daily lutein productivity (mg/L/day), X 1 is the percentage of blue LED (% of total), X 2 is the KNO 3 concentration (mM) and X 3 is the NaCl concentration (M) in the medium. The model in coded values is given by Additional file 1: Equation S1. The quadratic model was used to predict optimal conditions for lutein production. For the tree-based model, all 3⋅15 = 45 data points were used. This model was then used to study the effects of each of the three variables on lutein production ( Figure 3 ). The model predicts that the highest levels of lutein are achieved close to the center point of the experiment (Figure 3 , bottom-right most plot). Comparison of the three variables in terms of their relative influence on lutein production levels showed that NaCl has the greatest influence, followed by KNO 3 and the percentage of blue LED has the least influence (data not shown). The strongest variable interactions were between KNO 3 and NaCl levels while the interaction strength between the percentage of blue LED light with the two other variables was considerably lower (Additional file 1: Table S2 ).
Adaptation of D. salina to osmotic stress
It is important to test the capability of D. salina to regain optimal growth in face of changing environmental conditions since lutein production was found to be growthcoupled (Additional file 1: Figure S2 ). It was found that osmotic stress, especially hypo-osmotic stress, led to extremely low lutein productivity as well as low chlorophyll a content in D. salina (Tables 2 and Additional file 1:  Table S1 , and Figure 2 ). Comparisons between the values predicted by the quadratic model (Equation 1) and the experimental data (Additional file 1: Table S3 ) revealed that the model has relatively low prediction accuracy for the hypo-osmotic stress conditions. This was also the case for the tree-based model (data not shown). We conjecture that D. salina is sensitive to hypo-osmotic stress and that it might fail to adapt to such osmotic changes. Previous studies have found that D. salina is capable of thriving in a Values were averaged from three independent experiments (mean ± SD). b Lutein productivity was calculated by multiplying lutein content by biomass productivity (see Additional file 1: Table S1 ). Table 2 ). Correlation coefficients (Kendall's tau) were 0.90 and 0.81 for lutein content with chlorophyll a content and with chlorophyll b content, respectively. NaCl solutions between 0.05 M to 5.5 M [23] . However, the sensitivity or tolerance of D. salina to hyper-osmotic and hypo-osmotic changes has not been examined, to the best of our knowledge.
To determine morphological responses of D. salina responds to osmotic changes, we measured the cell size for ten days under both hypo-osmotic and hyper-osmotic conditions (Figures 4 and 5) . The cell size was distributed mainly between 7.0 μm and 11.0 μm initially (at 0 h). The cells were usually oval in shape rather than spherical and the average cell size was 8.0 μm (Figures 4-I and 5-I). After a hypo-osmotic shift, the D. salina cells changed their volume rapidly and the average cell size increased to 9.0 μm at 48 h. Two similar cycles of increase and decrease in average cell size were observed from 24 h to 192 h ( Figure 4B) and revealed that the cells were experiencing serious swelling (increasing cell size), cell burst and death (decreasing cell size). The cell size then stabilized after 192 h ( Figure 4B) .
In contrast, after a hyper-osmotic shift, average cell size decreased immediately to 7.2 μm at 0.5 h and increased to 8.8 μm at 24 h. Average cell size then decreased gradually to 8.4 μm and stabilized in ten days ( Figure 5B ). The cell size distributions over the time course were unchanged, indicating that there was no significant cell damage. It appears that D. salina cells are more tolerant to hyper-osmotic stress than to hypo-osmotic stress.
To summarize, hypo-osmotic stress caused significant changes of cell size distributions and average cell size for 192 h (Figure 4 ) upon osmotic shift while hyper-osmotic stress just slightly increased the average cell size of D. salina ( Figure 5 ). These results indicated that D. salina had difficulties adapting to the hypo-osmotic shift with substantial die-off due to irreparable damages when the imposed stress exceeded the capabilities of Dunaliella cells to acclimate.
Prediction of optimal conditions for lutein production
The quadratic model was used to predict the optimal conditions for lutein production (Additional file 1: Table S4 ). We then conducted three independent experiments in the Figure 3 Evaluation of abiotic stressors on lutein production using a boosted trees model. Each of the contour plots shows lutein productivity as a function of KNO 3 (mM) levels and blue LED percentage for fixed levels of NaCl. Purple represents low productivity and cyan represents high productivity. The NaCl levels are indicated by X3 (from low to high). The predictive model is piecewise linear which results in a rectangular partition of the variable space.
same PBR system by setting the levels of the variables to the optimal values predicted by the model: blue LED 24.4% of total; nitrogen concentration 36.0 mM; NaCl concentration 1.7 M. This set of values also corresponds to the region of maximum lutein production for the tree-based model (bottom-right most plot in Figure 3 ). The resulting lutein productivity was 3.68 ± 0.44 mg/L/day and the lutein content was 8.87 ± 1.31 mg/gDCW. This shows that the models are useful for predicting the optimal conditions for lutein production. The conditions predicted by the model are similar to the conditions obtained by adaptive laboratory evolution (Additional file 1: Table S5 ) as indicated by the small differences in variable values as well as in lutein productivity. Combined with the observation that lutein productivity is positively correlated with biomass productivity, these results indicate that the previous conditions used for adaptive evolution restrict the space of optimal conditions for growth-coupled metabolite production in D. salina.
Discussion
Microalgae have attracted considerable attention recently as they have potential as platform sources in the biobased industry. This study has provided new data on the production of lutein using photosynthetic microalgae. As the original D. salina (UTEX LB #200) is unable to grow fast under red light at high intensities, e.g. 170 μE/m 2 /s, and is therefore not suitable for industrial applications, the Dunaliella strain HI 001 previously derived by ALE treatment was studied further in connection to lutein production. We modeled the dependence of lutein productivity on the percentage of blue LEDs of total LED illumination, as well as KNO 3 and NaCl levels in the medium.
A study of the response of D. salina to osmotic stress revealed that excessive stress induced by hypo-osmotic changes led to serious cell damage and death rather than adaptation. By utilizing the optimal conditions predicted by quadratic modeling, the productivity achieved was 3.68 ± 0.44 mg/L/ day with a lutein content of 8.87 ± 1.31 mg/gDCW. The high similarity between the model optimum for lutein production and the conditions in which Dunaliella strain HI 001 had undergone ALE treatment, suggests that the conditions used for adaptive evolution had influenced the optimum arrived at in growth-coupled lutein production by batch cultures of the HI 001 strain.
Several abiotic stress factors are known to inhibit growth in higher plants as well as in microalgae [12] . In response to unfavorable conditions, higher plants and microalgae generate reactive oxygen species (ROS) leading to adaptation by initiation of a phosphorylation cascade and activation of major stress-response genes [24] . Under hyper-osmotic conditions, Dunaliella most probably responds by adjusting the concentration of intracellular compatible solutes, primarily glycerol, decreasing the trans-membrane osmotic gradient caused by the high extracellular NaCl concentration [23, 25, 26] . In this study, salinity-induced osmotic stress played an important physiological role in the Dunaliella cells. Hyperosmotic stress (extracellular NaCl increasing from 1. Table S4 ). It has been reported that hypo-osmotic stress inhibits enzyme activities and expression levels of carbonic anhydrase accompanied by significant induction of ROS production in D. salina and consequently algal photosynthesis and growth are suppressed [27] . Lesser [11] also suggested that hypo-osmotic stress led to ROS-induced programmed cell death.
Adaptive laboratory evolution [28, 29] has proven successful in developing microbes with improved fitness to specific conditions and increased tolerance to environmental stresses. Since the antioxidant lutein is functional in the detoxification of the ROS produced [14] and its production is also growth-coupled, stress-driven adaptation is highly important for lutein production in microalgae. However, extreme stress can lead to adverse consequences as shown in our previous study [7] . When excess stress was imposed by red light at high intensity, cells failed to acclimate, and an alternative strategies, i.e. partly replacing the red light with blue light, was adopted and found to be beneficial to cell adaptation at the same light intensity [7] . Interestingly, after experiencing ALE under combined blue and red light conditions D. salina gained enhanced light tolerance under red light only conditions at the same total photon flux of 170 μE/m 2 /s [7] . It has also been found that blue light is necessary in diatoms for photoacclimation to high light intensities [30] . These phenomena confirm the importance of studying the effects of varying environmental stimuli systematically, since microalgae have developed varying capabilities in acclimating to different stress factors during natural evolution. Furthermore, the percentage of blue LED has limited influence on lutein productivity. As the D. salina HI 001 strain had already gained enhanced tolerance to red LED illumination (Additional file 1: Figure S1 ), it is expected that providing nonlethal stress with either red LED or combined blue and red LED illumination would result in increased lutein accumulation in cells. It should also be noted that the original D. salina strain UTEX LB #200 was recognized and suggested as D. viridis based on its morphological and biochemical characters [31] while it was grouped with D. pseudosalina CONC 010 on the basis of molecular data [32] . As lutein is the main carotenoid produced by D. viridis [31] , the strain D. salina HI 001 used in this study, a derivative of strain UTEX LB #200 is very likely also a good lutein producer.
Conclusions
Systematic evaluation of the relationship between abiotic environmental stresses and lutein biosynthesis helped to determine the key impact factors and yield high levels of lutein productivity in D. salina. Assessment of stress conditions revealed that Dunaliella cells displayed varying adaptations to different environmental changes. This study suggests a new guideline for future stress-driven adaptive evolution experiments and a strategy of applying stress in a step-wise manner can be proposed for rational design of experiments.
Materials and methods
Microalga and growth conditions D. salina strain was originally obtained from the University of Texas at Austin (UTEX LB #200) and developed by adaptive laboratory evolution (ALE) by means of a semi-continuous culture system with repeated five day cycles [7] . Specifically, D. salina after ALE treatment, referred to as HI 001, was successfully cultivated under 170 μE/m 2 /s of red LED light (Additional file 1: Figure S1 ) [7] . Culture pH of all experiments was maintained between 6.5 and 7.5 by the buffer systems in the medium. Table 1 . The biomass concentration during batch culture for all the experiments was relatively high (A 660nm ≥ 1.0) and the supplied light, as measured on the inner surface of the PBR, was assumed to be all absorbed by the D. salina cells [7] . All the experiments were performed in triplicates.
Parameters for the photobioreactors
Cylindrical bubble column photobioreactors with H = 30 cm, D = 4.0 cm, and a working volume of 300 ± 5 ml [15] were used. The input gas level was 90 ml/min of 2.5% CO 2 in air.
Artificial light supply and setup
Blue (Part number: VAOL-5LSBY2) and red (Part number: SSL-LX5093SRC) LED arrays with narrow output spectra (20 nm bandwidth at half peak height) of 470 ± 20 nm and 660 ± 20 nm, respectively, were purchased from LUMEX Inc. (Taiwan, China). The photon flux of the light supplied to the PBRs was measured on the inner surface of each PBR by using a quantum sensor (SR. NO. Q40526 of QUANTUM, Model LI-1400, LI-COR biosciences, Lincoln, Nebraska, U.S.A.). For this study, average photon flux was fixed at 170 μE/m 2 /s by using the duty cycles at a frequency of 10 kHz of flashing light [15, 33] .
Adaptation of D. salina to osmotics stress
For the adaptation study, D. salina cells were first adapted to Gg-8 medium under a total photon flux of 170 μE/m 2 /s red light for five days and used as seed culture. Cell pellets of seed culture were then harvested by centrifugation (1000 × g for 10 min) and cultivated in two modified Gg-8 media, i.e. Gg-8 medium containing 2.5 M NaCl for the hyper-osmotic stress study and Gg-8 medium containing 0.5 M NaCl for the hypo-osmotic stress study, respectively.
Biomass determination
Alga samples of culture suspension were filtered and collected on a mixed cellulose membrane (pore size: 0.45 μm), washed with de-ionized water twice and dried overnight at 60°C before weighing [7] .
Determination of cell size
The cell size was measured by a Countess automated cell counter (Life Technologies Corporation, Carlsbad, California, U.S.A.). D. salina cell size was detected in bead mode without using trypan blue dye staining.
Chlorophyll and carotenoid analysis
The cell pellets were collected by centrifugation (1000 × g for 10 min) at 4°C and then extracted with 3ml of ethanol: hexane 2:1 (v/v) containing 0.1% (w/v) butylated hydroxytoluene till colorless [34] . To the mixed solution, 2 ml deionized water and 4 ml hexane were added and the mixture was vigorously shaken and centrifuged again at 1000 × g for 5 min [7] . An aliquot of 4 ml of the upper hexane layer was evaporated under nitrogen at 25 ± 2°C, reconstituted in a mixture of methyl tertiary butyl ether : acetonitrile (50:50) and analyzed by ultra-performance liquid chromatography, UV and mass spectrometry detection (UPLC-UV-MS) according to the procedures described previously [35] .
Modeling approaches for simulations and predictions
Two types of models were created for studying the effects of light quality, nitrogen availability and osmotic stress on lutein productivity (the response variable). The predictor variables were the percentage of blue light, the amount of KNO 3 and the amount of NaCl. The first model was a traditional quadratic model where the model parameters were obtained with least squares regression. The second model was a nonparametric model, meaning that no assumptions are made about the data generating mechanism. The model was based on gradient boosted regression trees which have received considerable attention in recent years for their superior predictive performance and their usefulness in data exploration [36] . The boosted tree model was obtained with the GBM package for R [37] . The GBM parameters were set as follows: Squared error loss was used, the number of trees was 700 (determined by minimizing the out-of-bag error), shrinkage was set to 0.005, the subsampling fraction to 0.5 and three-way interactions were used.
Additional file
Additional file 1: Figure S1 Linear growth of adapted D. salina (HI 001) under a total light intensity of 170 μE/m 2 /s red LED light. Figure S2 Correlation between lutein productivity and biomass productivity of D. salina cells (data shown in Table 2 and Table S1 ). Table S1 Biomass productivity of D. salina in RSM experiments a , Table S2 Strength of variable interactions for the boosted tree model (higher values indicate more strength), Table S3 Comparisons between values predicted by the quadratic model and the experimental data, Table S4 Prediction of maximum lutein productivity by the quadratic model, Table S5 Comparison of optimal conditions predicted for lutein production by RSM and conditions developed for carotenoids production by previous ALE. Quadratic model in coded values (Equation S1).
